We have investigated the Na distributions in Semarkona Type II chondrules by electron microprobe, analyzing olivine and melt inclusions in it, mesostasis and bulk chondrule, to see whether they indicate interactions with an ambient gas during chondrule formation. Sodium concentrations of bulk chondrule liquids, melt inclusions and mesostases can be explained to a first approximation by fractional crystallization of olivine ± pyroxene. The most primitive olivine cores in each chondrule are mostly between Fa 8 and Fa 13 , with 0.0022-0.0069 ± 0.0013 wt.% Na 2 O. Type IIA chondrule olivines have consistently higher Na contents than olivines in Type IIAB chondrules. We used the dependence of olivine-liquid Na partitioning on FeO in olivine as a measure of equilibration. Extreme olivine rim compositions are $Fa 35 and 0.03 wt.% Na 2 O and are close to being in equilibrium with the mesostasis glass. Olivine cores compared with the bulk chondrule compositions, particularly in IIA chondrules, show very high apparent D Na , indicating disequilibrium and suggesting that chondrule initial melts were more Na-rich than present chondrule bulk compositions. The apparent D Na values correlate with the Na concentrations of the olivine, but not with concentrations in the bulk melt. We use equilibrium D Na to find the Na content of the true parent liquid and estimate that Type IIA chondrules lost more than half their Na and recondensation was incomplete, whereas Type IIAB chondrules recovered most of theirs in their mesostases.
INTRODUCTION
Chondrules are silicate spherules and fragments that are abundant in primitive meteorites (chondrites) and their igneous textures indicate widespread melting in the protoplanetary disk. Their formation conditions shed light on astrophysical or planetary processes occurring in the first few million years in the early solar system, and are generally consistent with transient heating mechanisms among which gas shock wave heating (Desch and Connolly, 2002) has been able to explain some chondrule properties. However, different types of chondrules experienced significant differences in their formation conditions. Type I chondrules are highly magnesian and are depleted in the moderately volatile elements, whereas Type II chondrules are ferroan and have near-chondritic abundances of the moderately volatile elements (McSween, 1977a; Scott and Taylor, 1983; Jones, 1990; Hewins, 1991) . Some Type I chondrules, which are abundant in carbonaceous chondrites, contained lithic aggregates in their precursors and experienced condensation of SiO into their melts while cooling (Libourel et al., 2006; Libourel and Krot, 2007; Chaussidon et al., 2008; Whattam and Hewins, 2009) . Type II porphyritic olivine and olivine-pyroxene chondrules, termed IIA and IIAB, respectively, are abundant in ordinary chondrites, and contain strongly zoned olivine phenocrysts. They appear to have formed at temperatures close to their liquidus temperatures and cooled at rates ranging from $1 up to $1000°C/ hr (Jones and Lofgren, 1993; Hewins et al., 2005 Hewins et al., , 2009a Miyamoto et al., 2009) . Their properties have been used to constrain chondrule formation mechanisms (Desch and Connolly, 2002; Fedkin et al., 2011) .
The concentrations of moderately volatile elements in chondrule melts are the key to understanding ambient conditions during chondrule formation. Type II chondrules have chondritic abundances of moderately volatile elements, such as Na (Jones, 1990; Hewins, 1991) and show no isotopic mass fractionations, e.g. of K (Humayun and Clayton, 1995; Alexander et al., 2000) . This is incompatible with free evaporation (no recondensation) as observed in experiments at canonical nebular conditions (Yu et al., 2003; and suggests formation by melting in solid-enriched nebular environments (Hewins, 1989 (Hewins, , 1991 , where isotopic exchange between gas and liquid is possible Cuzzi and Alexander, 2006) . Many chondrule glasses have close to the equilibrium compositions under conditions that could have prevented loss of Na 2 O and FeO (Ebel and Grossman, 2000) . Kinetic modeling shows extensive evaporation and recondensation during chondrule formation Fedkin et al., 2011) . Grant and Wood (2010) have studied the substitution mechanism of Na in olivine. Borisov et al. (2008) and Alexander et al. (2008a,b) recognized high Na concentrations in olivine, requiring the presence of Na in the initial chondrule melts. Evidence of either evaporation or condensation of Na in chondrules could clarify the relationship between the canonical nebular gas and a chondrule-forming environment with high P Na and/or high P total . Alexander et al. (2008b) , using an empirical olivine-melt partition coefficient, D Na , suggested that P Na was very high while chondrules were molten, but argued that chondrules were essentially closed systems for Na. We take a different approach to this problem by analyzing melt inclusions in chondrules and using new, experimentally determined D Na (Borisov et al., 2008; Kropf, 2009; Mathieu, 2009 ). We use a suite of Semarkona (LL3.0) Type II chondrules, with liquidus temperatures mostly in the range 1500-1700°C, to determine whether Type II chondrules were open or closed systems with respect to Na when they were molten. Their olivine crystals are melt-grown, based on zoning and hopper or skeletal polyhedral morphology (Faure and Schiano, 2005; Faure et al., 2007) , and on melt inclusions and mesostasis channels, which are all common (Jones, 1990 (Jones, , 1996 Tronche, 2007) . We present analyses of chondrule minerals, mesostasis and glass inclusions in olivine to determine conditions of crystallization with emphasis on the evolution of Na concentrations during crystallization and their implications for the chondrule-forming environment.
METHODS
We used two Semarkona polished sections, MNHN ns1 for destructive analyses and MNHN ns2 for non-destructive work. Both were mapped in back-scattered electrons (BSE) with the JEOL 840A scanning electron microscope at the Université Paris VI. Chondrules were given the number(s) of the map image(s) which contain them. Type II porphyritic chondrules were chosen in ns2 for studies of diffusion in relict olivine grains (Hewins et al., 2009a) , melt inclusions in olivine crystals (Hewins et al., 2009b) , and zoning, especially of P, in olivine (Hewins, 2009) . The present data are from ns2 except for some melt inclusions from below the polished surface of olivine in ns1 which were separated as fragments with a micromill.
Wavelength-dispersive quantitative analyses were made on Cameca SX100 electron microprobes at the Université Blaise Pascal in Clermont-Ferrand, and at the Université Paris VI, using 15 keV and a wide range of operating conditions. Na was always analyzed first for glasses. Conditions for Na in glass were chosen by determining the beam current for a given raster rectangle size at which Na counts from a reference region of mesostasis did not fall with time. The beam current was subsequently adapted to the size of the melt inclusion or mesostasis region to be analyzed. Common conditions were 20 s counting times and 1 nA for 1.2 lm high by 1.5 lm wide rasters (which compromised minor element precision), 2 nA for raster widths of 3 lm, 4 nA for 5 and 15 lm, and also10 nA for 5 lm. While we observed no losses with such conditions, these current densities in the range 0.02-0.55 nA/lm 2 (in reverse order) would correspond to losses of 0-5% of the amount of Na 2 O present, based on analyses of an anhydrous granitic glass at 20 keV (Morgan and London, 2005) . Some chondrule glasses, both inclusions and mesostases, could not be used for studies of Na partitioning because of prior high sample current work (Hewins, 2009) .
Conventional electron microprobe (EMP) analyses of olivine and pyroxene were made with a focussed beam and beam currents of 10 or 30 nA with 10 s counting on peaks and backgrounds. Beam currents of up to 300 nA and 150 s counting times were used for the olivine trace element analyses, including Na and P. This approach has been shown to give results similar to ion probe analysis (Alexander et al., 2007; Borisov et al., 2008) . The combination of large diffracting crystals (LLIF and LTAP) and high beam currents ensured low detection limits, defined as 3x the background standard deviation. Cores of olivines analyzed at 300 nA for 100 s gave detection limits of 25 ppm (P), 16 ppm (Na), 50 ppm (Ca), 104 ppm (Cr) and 94 ppm (Mn). Analyses of a Na-free forsterite standard consistently yielded negative concentrations (e.g. mean À9 ppm Na 2 O, s.d. 6 ppm, n = 55) with these conditions, confirming the observation of Kropf (2009, Fig. 12 ) that the curve of X-ray intensity as a function of wavelength (sin2h for the TAP crystal) is concave in the vicinity of the olivine Na background. These small negative concentrations were used to correct background for each core Na 2 O analysis, and they increase the Na partition coefficient by a modest 0.0001. Olivine zoning (normal, reverse, oscillatory and micron-scale) was examined with traverses with 1 lm spacing and 150 nA, as well as by X-ray mapping (Hewins, 2009) . Olivine rim compositions were determined in two different ways: by 100 s singlepoint analyses, as for cores, where it is difficult to place the beam correctly near the rim of the crystal; and by averaging 10 s outer analyses on a traverse across a crystal, discarding the last few microns where Na and other light elements were influenced by secondary fluorescence from adjacent mesostasis. Though the detection limits for Na are poorer (73 ppm for LTAP and 143 ppm for TAP diffracting crystals) for olivine rim compositions measured on traverses, precision was improved by averaging adjacent points.
Chondrule bulk analyses were done by EMP by analyzing a grid of rastered 20 Â 16 lm rectangles across the chondrule at $70 lm spacing, with up to 80 analyses for the largest chondrule. We applied corrections for the different densities for individual phases (olivine, mesostasis, metal and sulfide in Type IIA chondrules, plus pyroxene for Type IIAB chondrules) within the analyzed volume (Warren, 1997) . We calculated the abundances of FeS and Fe x Ni 1Àx from S and Ni contents using an initial density correction using average properties of Semarkona IIA and IIAB chondrules (Jones, 1990 and Jones, 1996, respectively) . The raw bulk composition data were then corrected for the densities and abundances of all phases for each chondrule.
Fractional crystallization calculations for bulk chondrule liquids were done using PETROLOG 2.1.3a (Danyushevsky, 2001; Danyushevsky and Plechov, 2011) , which finds the equilibrium phase(s) at a given temperature and subtracts an increment from the liquid composition in the cooling step. Chondrules do not contain the equilibrium phase assemblage of olivine, orthopyroxene, augite and plagioclase, and both textures and SiO 2 -rich glass compositions suggest rapid growth possibly associated with supercooling. Phases crystallized in a run are chosen by the user and we considered only those present in the chondrules. Supercooling is not built into the program, and the crystallization of olivine must be started at the calculated liquidus temperatures, here 1500-1717°C. We modeled olivine crystallization alone for Type IIA chondrules, much of it metastable, and olivine plus pyroxenes for Type IIAB chondrules. For orthopyroxene we considered entry at its equilibrium temperature, delayed nucleation or total suppression. The delay of entry of orthopyroxene cannot be achieved directly in a PETROLOG run, but it can be modeled by arbitrarily choosing an intermediate/late daughter liquid resulting from metastable olivine fractionation to run as a new parent liquid.
Of more than 20 different mineral-melt equilibrium models from the literature available in PETROLOG, we used the models of Danyushevsky (2001) and Ariskin et al. (1993) for crystallization of chondrule olivine and pyroxenes, respectively, finding that they matched minor element compositions better than the others. With these phase models, olivine crystallization ceased when orthopyroxene appeared at its equilibrium temperature, and similarly orthopyroxene was followed by augite, usually with no pigeonite. When we chose intermediate/late IIAB liquids formed by crystallizing metastable olivine as new parent liquids, they crystallized pyroxenes with no olivine. We used the f O 2 of the Quartz-Fayalite-Iron buffer, appropriate to Type II chondrules (Zanda et al., 1994) ; and chose the model of Sack et al. (1980) to define melt oxidation state because it gave the lowest concentrations of Fe 3+ in the melt, even though those concentrations are unknown. We stopped the calculations when the late liquid contained 1 wt.% MgO, yielding 12-27 wt.% residual liquid ("glass") at temperatures of 949-1068°C. The application of MELTS to chondrules was explored at the beginning of this work and it gave results similar to those of PETROLOG.
RESULTS

Melt compositions
Type II chondrules found in chondritic meteorites were droplets of komatiitic liquids, in many cases totally melted, which crystallized rapidly such that plagioclase, and in some cases pyroxene, failed to nucleate, and olivine continued to crystallize metastably (e.g. McSween, 1977b; Jones, 1990) . In Semarkona, Type IIA chondrules contain olivine crystals with rhyolitic glass inclusions and andesitic mesostases. Bulk compositions are shown in Table 1 , along with calculated liquidus temperatures (1500-1717°C). Our data are seen in Fig. 1a to be similar to previous analyses (Jones, 1990 (Jones, , 1996 Alexander et al., 2008b) . Here we restrict the term IIA to chondrules that are free of pyroxene phenocrysts and designate as Type IIA(B) an olivine-dominant subset of chondrules with minor pyroxene phenocrysts. Type IIA(B) chondrules are very Mg-rich, like the Type IIAB chondrule C120 of Jones (1996) , and have high liquidus temperatures (Table 1) . Type IIA chondrules are the most ferroan, and pyroxene-rich IIAB chondrules have the lowest liquidus temperatures. Many phenocrysts are skeletal with glass inclusions, and apparently melt-grown, and obviously relict olivine is rare. In porphyritic chondrules, nucleation occurs on some unmelted material, but its abundance is probably small. We therefore assume that the bulk silicate composition was the initial liquid of the chondrule, as is conventional (Jones, 1990 (Jones, , 1996 Alexander et al., 2008b) . However, some IIA chondrule bulk compositions yield liquid lines of descent which do not reproduce the most Si-rich mesostasis compositions observed. This could be due to bulk compositions too poor in SiO 2 , because the olivine/mesostasis ratio is not representative (due to a bias to crystals over mesostasis, or the presence of relict grains). Alternatively, it could be due to open system behavior, involving SiO addition from the gas, as has been demonstrated for Type I chondrules (Libourel et al., 2006) and also proposed to occur in type II chondrules (Mathieu, 2009; Villeneuve, 2010) .
Analyses of glass inclusions in olivine are shown in Table 2 , and of mesostasis, which consists of glass and in many cases pyroxene dendrites, in Table 3 . These are shown in Fig. 1a , along with chondrule bulk compositions. In two cases, a spot in the mesostasis with composition close to stoichiometric albite was found in a chondrule which was otherwise normal. These two analyses were discarded, as albite is probably secondary (Alexander et al., 2008b) . The liquid lines of descent of these chondrules were calculated using PETROLOG, assuming crystallization of olivine, and pyroxenes where appropriate. Phases which would grow at equilibrium but do not nucleate in chondrule melts (other than as fine dendrites), such as pyroxene in Type IIA chondrules, and plagioclase, were excluded from the PETROLOG calculations. In general, IIAB chondrule melts produce orthopyroxene followed by augite using the model of Ariskin et al. (1993) , and rarely orthopyroxene plus pigeonite. Fig. 1a shows our observed Al 2 O 3 and Na 2 O concentrations in bulk chondrules, melt inclusions and mesostases, as large symbols. The fields of corresponding data from the literature (Jones, 1990 (Jones, , 1996 Tronche, 2007; Alexander et al., 2008b) are shown for clarity as ellipses, not symbols. The three data sets are similar, except for variations in mesostasis analyses depending on the size of the region analyzed and the fraction of dendrites incorporated with the glass. We also show a few calculated daughter liquids as dotted and dashed liquid lines of descent, for crystallization of olivine only (IIA chondrules), and olivine followed by pyroxenes (IIAB chondrules), respectively. They stretch from the bulk compositions, their assumed parent liquids, towards the cloud of mesostasis compositions. When pyroxene is crystallized, the fractionation paths diverge to higher Na contents relative to olivine-only trends, because it removes significant Al from the liquid.
Type IIAB mesostasis is more enriched in Al and Na (and also Si) than IIA mesostasis, while melt inclusions are relatively poor in Na (Fig. 1a) . The liquid lines of descent match the two mesostasis compositions fairly well, as the dashed-line trends for olivine + pyroxene crystallization for IIAB chondrules are longer than the dotted-line trends for IIA chondrules, for bulk compositions with similar Na/ Al ratios. The initial Si-poor bulk compositions of IIA chondrules limit the amount of enrichment in Si and other compatible elements (Al, Na) in interstitial melt. Pyroxene crystallization enhances Al enrichment over Si enrichment of the melt in IIAB chondrules.
Melt inclusions in olivine are no more Al-enriched than Type IIA mesostases. This is because they are more highly Si-enriched than mesostases, because of more extensive metastable olivine crystallization on inclusion walls, coupled with Fe-Mg exchange between olivine and the limited melt volume. Note, however, that our melt inclusion data, almost identical to those of Tronche (2007;  field 3 in Fig. 1a) , have lower Na concentrations than most mesostases1 and than our calculated liquid lines of descent (Fig. 1b) . The majority of the mesostases on the other hand have higher Na concentrations lying above than those same liquid lines of descent, except for the one for the most Narich bulk (chondrule 101). The wide variation in the mesostasis compositions reflects fractional crystallization and perhaps open-system behavior. Therefore, in Fig. 1b we show evolution trends for observed mesostases in two specific chondrules, one IIA and one IIAB, along with the data for bulk compositions and melt inclusions. In IIA chondrule 64-65, we see a progression to higher Na contents in mesostases (which contain very fine dendrites), which correlate with higher SiO 2 contents, but with little change in Al. The most Na-rich compositions occur as clear glass in embayments touching olivine rims, showing that some olivine rims were growing from inter-dendrite melt more Na-rich than bulk mesostasis. For the Type IIAB chondrule 8 we find that smaller volumes of mesostasis are more evolved, with almost twice the Al and Na of 15 lm regions of mesostasis (Fig. 1b) . They are more Na-rich than larger volumes, because of the absence of pyroxene dendrites. We assume the most Na-rich analyses of the mesostasis represent the liquid from which dendrites and the last olivine rim crystallized. We have therefore determined the apparent olivine-liquid D Na relative to the most evolved mesostasis, where using possible dendrite-free interstitial glass analyzed with 5 lm rasters, rather than average mesostasis.
Liquid lines of descent for our bulk compositions cross the Al 2 O 3 -Na 2 O field of Type II mesostasis compositions ( Fig. 1) , suggesting that fractionation calculations explain reasonably well the Al and Na concentrations of mesostasis. However, our bulk chondrule analyses have a small range of Na/Al ratios and many fractionation trends are concentrated together; most glass inclusions have lower Na contents than these typical calculated liquids, whereas many interstitial glasses and dendrite-rich mesostases ( Fig. 1b) have higher Na contents. In detail then, the daughter liquids are not well explained by the fractionation calculations: except for one exceptionally Na-rich IIA bulk seen in Fig. 1 (chondrule 101), all Type IIA and IIAB chondrule bulks cluster together and yield liquid lines of descent that fall below most of the mesostasis points. The Na-rich bulk, in turn, will not explain the inclusions, which are all relatively Na-poor.
All model calculations have certain limitations, e.g. PETROLOG calculations involve a choice of models for mineral-melt equilibria and are for perfect fractional crystallization. However, Na and Al are essentially incompatible in olivine and low-Ca pyroxene (while augite only forms as rims on low-Ca pyroxene). Even with $1% Al 2 O 3 in orthopyroxene (PETROLOG) the liquid lines of descent are virtually straight. They are essentially just the record of the concentration of these elements in the diminishing liquid reservoir. There are no possible closed-system paths which could explain the deviations of inclusion and mesostasis compositions from the bulk liquid fractionation trends. Open-system crystallization is considered below (Section 4).
Olivine compositions
Olivine in Semarkona Type II chondrules usually shows normal zoning for most elements, but oscillatory zoning in P (McCanta et al., 2008; Hewins, 2009) . Selected olivine core analyses are shown in Table 4 , made using a counting time of 100 s and a beam current of 300 nA. These are the most primitive analyses for each chondrule, i.e. those with the lowest Fa and Na contents, and are used for determining D Na . Na is generally present in concentrations similar to those found earlier (Borisov et al., 2008; Alexander et al., 2008b; Kropf, 2009; Mathieu, 2009) , though in some chondrules it is higher. Sodium is normally zoned and, where olivine grains have reverse and then normal zoning (Jones, 1990) , it follows Fa, as do other incompatible elements. In Table 5 , we give analyses of olivine rims, including some alternate values obtained in different ways. Some rims were analyzed with the same conditions as the cores, giving low detection limits but not necessarily the most , an exceptionally Na-rich IIAB, is able to explain most of the IIAB mesostasis, but it will explain none of the inclusions). Data from this work (symbols) and distributions from Jones (1990 Jones ( , 1996 , Tronche (2007) and Alexander et al. (2008b) , shown as numbered ellipses, are one Jones (1990 Jones ( , 1996 bulk compositions, two Alexander bulk compositions, three Tronche melt inclusions, four and five Jones (1990 Jones ( , 1996 mesostases (A, AB, respectively), six and seven Alexander mesostases (A, AB, respectively). (b) Chondrule 64-65 has a dispersion of mesostasis compositions with the highest Na for clear glass in embayments on olivine crystals and highest Al in channels inside olivine. Raster mesostasis analyses at 5 lm (open diamonds) and 15 lm (double diamonds) for chondrule 8 are Al-rich and Alpoor, and poor and rich in pyroxene dendrites, respectively. extreme compositions. In other cases, we achieved good analyses closer to the rim from traverses across crystals using 10 s and 150 nA. Olivine core compositions were measured using 100 s and 300 nA (2 s.d. ± 0.0013 wt.% Na 2 O). Sodium contents are always significantly greater than zero and are shown in Fig. 2a . The most refractory olivine cores analyzed in each chondrule, usually in the biggest crystal per chondrule, are mostly between Fa 8 and Fa 13 , with 0.002-0.007 wt.% Na 2 O (Fig. 2a) . In one case where the most Fe-and Napoor grains are not the same, both are plotted and joined by a tie line. Type IIA(B) chondrule olivines plot among the most primitive (Fe-, Ca-and Na-poor) olivines in Fig. 2a . With increasing Fa content, the IIA and IIAB trends separate, and IIA olivine cores consistently have the higher Na contents. The Fa-Ca distribution of olivine cores in IIA and IIAB chondrules is similar to that of Fa-Na, in that IIA olivine tends to have higher Ca than IIAB at the same Fa content.
In Fig. 2b we show fractionation in olivine crystal 98B, in IIA chondrule 98, the chondrule with the highest Na concentrations in olivine that we observed, along with all high resolution data for olivine cores and rims. The 98B data had counting time 10 s, beam current 150 nA, s.d. ± $0.006 wt.% Na 2 O) and the data for olivine cores and rims were gathered with 100 s, 300 nA. Whereas with the higher precision we can separate IIA and IIAB olivines by Na content, here Na data spread across the two trends. Grain 98B is small and very strongly zoned. The Na fractionation is extreme in chondrule 98, but there is continuity between its crystals and trace element data for the whole suite of Type II chondrules (Fig. 2b) . Zoning trends for most crystals fall near the center of the cloud of points in Fig. 2c .
Sodium zonation profiles from rim to core to rim for two crystals in chondrule 98, 98B and 98C, are shown in Fig. 3a and b the distance scale in microns from the microprobe traverse. Because of the low precision of individual 10 s analyses, some points are not significantly different from zero, though Fig. 2a shows that the average of these data is similar to the 100 s analyses, which are. Our high precision analyses of Na in chondrule olivine, and those of Borisov et al. (2008) , Alexander et al. (2008a,b) , are always significantly above zero. We therefore show running averages in Fig. 3a and b, with the standard deviation of the points averaged (n = 5) plotted as error bars. Fig. 3a  also shows a more precise 100 s analysis for the core of 98B, which confirms the accuracy of the 10 s numbers. Since this core analysis is slightly off the line of the zoning traverse, we arbitrarily place it exactly in the center of the profile. Zonation profiles for Fa and Ca have similar forms to the Na profiles. The higher concentrations in the smaller crystal (98B) indicate later nucleation. The data in Fig. 2b form a single broad fractionation trend, but higher and lower Na analyses for crystal 98B with the most extreme zoning correspond to slightly different zoning trends on the two sides of the traverse (Fig. 3a) ; extreme rim values reflect secondary fluorescence. It is clear from Figs. 2 and 3 that ideally a large number of olivine rims should be analyzed to determine average D Na for rim/mesostasis correctly.
DISCUSSION
Na partitioning between olivine and melt
Sodium is incompatible in olivine, because its charge is different from that of Mg yet there is no evidence of coupled substitution of Na + and trivalent ions for Mg in olivine (Borisov et al., 2008; Grant and Wood, 2010) . Instead Grant and Wood (2010) found evidence for replacement of Mg 2+ and a vacancy by two Na + ions. The situation is complicated by the competition of Li + with Na + for the vacancies, when Li is abundant.
Type II chondrules have approximately chondritic Na abundances (Hewins, 1991) , which is inconsistent with formation in a canonical nebula (Yu et al., 2003; . Na was present in chondrule melts when olivine was crystallizing (Borisov et al., 2008; Alexander et al., 2008b; Kropf, 2009; Mathieu, 2009) . The different Na concentrations preserved in Semarkona Type II chondrule bulk liquids Chondrules with prefix c are from section ns1; suffices a, b, and c refer to separated fragments of these chondrules; n.d., not detected. a Low totals, especially for ns1, are due to fractures related to sample extraction. Chondrules with prefix c are from section ns1; suffices a, b, and c refer to separated fragments of these chondrule; n.d., not detected. a Raster width.
and mesostases only approximate what can be explained by fractional crystallization (Fig. 1a) . Most glass inclusions in olivine have lower Na than it predicts and most mesostases have higher Na. It is plausible that the decrease results from early evaporation, evidence of which was preserved only in melt enclosed in olivine, and that the increase results from later condensation of Na from the ambient gas during cooling. In this case, the initial Na concentration in the liquid was not the current bulk Na concentration. Fractional crystallization of olivine changes liquid structure as well as composition, and increases its Na solubility (Mathieu, 2009 ), so it is possible that ambient P Na could have varied relatively little. Na partitioning data (Borisov et al., 2008; Alexander et al., 2008b; Kropf, 2009; Mathieu, 2009 ) can permit us to determine if olivine and melt were in equilibrium, and potentially confirm that the chondrule melt was experiencing evaporation and condensation, in turn giving an idea of P Na when the chondrules melted and cooled. Fig. 4 shows the concentration of Na 2 O in most primitive olivine cores and most ferroan rims plotted against the Na 2 O in bulk liquids and mesostases, respectively, considering the assumption of Alexander et al. (2008b) that these may be equilibrium pairs. This would be the case for perfect fractional crystallization of a complete liquid, though we discuss below whether this assumption is justified. The rim and especially the core data have a wide spread rather than a linear trend corresponding to a constant distribution coefficient in Fig. 4 . As D Na olivine/melt is thought to depend on olivine FeO content (Borisov et al., 2008; Kropf, 2009; Mathieu, 2009 ), we also show curves for olivine-melt equilibrium for three specific olivine FeO contents, based on the relationship determined by Mathieu (2009) . Olivine rims, with 20-30 wt.% FeO, fall across the region determined for 10-30 wt.% FeO in olivine, and especially those for IIA chondrules are close to being in equilibrium with the melt (mesostasis). However, most of the corebulk pairs, with 8-16 wt.% FeO in olivine, lie beyond the line for 20% FeO in olivine (and even the 30% one). The Type IIA olivine cores, in particular, are far from being in equilibrium.
It is possible that the Semarkona Type II olivine cores do not have compositions produced by fractional crystallization, but have approached equilibrium with the bulk liquid, by diffusion of Fe, Mg, Ca, Na, etc. Values for the diffusion coefficient for Na in olivine are similar to those for Ca, and overlap those for Fe-Mg (Spandler and O'Neill, 2010) . Observed Fe-Mg zoning profiles in Type II olivine show a mismatch to profiles calculated by fractional crystallization models (e.g. Jones, 1990; Miyamoto et al., 2009 ) probably due to diffusional modification. Miyamoto et al. (2009) modeled the diffusional modification of olivine Fe-Mg profiles and extracted chondrule cooling rates. Then the composition of the cores, including minor and trace elements, if modified by exchange with liquid, might be approximately in equilibrium with a somewhat evolved liquid. To illustrate this effect, we used PETROLOG to calculate the composition of interstitial liquids after 50% olivine had been crystallized, and compared the olivine core Na 2 O concentrations, assumed for this purpose not to be the as-solidified compositions, with the 50% liquid Na 2 O concentrations. Fig. 4 shows that these composition pairs would be much closer to the equilibrium curves. However, the failure of diffusion to destroy relict forsteritic cores raises doubt that Na diffusion would have been fast enough to raise Na concentrations in olivine cores and explain the apparent departure from equilibrium (though see below).
In the absence of a simple relationship between Na in olivine and Na in liquid, at least for the olivine core/bulk composition pairs, we re-examine the possible dependence of the partition coefficient on the FeO content of the olivine (Kropf, 2009; Mathieu, 2009) . D Ca olivine/melt is strongly dependent on Fe content (Libourel, 1999) . Both studies of Na partitioning (Kropf, 2009; Mathieu, 2009 ) involved experiments in the FeO-free systems and led to values which are similar (Fig. 5a ). Grant and Wood (2010) also measured D Na (Fo/Liq) bur found a wide range of values related to the Li/Na ratios of the liquids and the inferred competition for vacancies. Kropf (2009) and Mathieu (2009) developed expressions for the FeO dependence of D Na . This dependence is not well constrained, being based partly on chondrules and, in the case of Kropf (2009) , a single experimental study with ferroan compositions (Borisov et al., 2008) , in which P Na decreased with time during runs, or in the case of Mathieu (2009) , terrestrial rocks. Furthermore the charges of Borisov et al. (2008) with 6-13 wt.% FeO in olivine do not show a significant correlation between FeO and D Na (Fig. 5a ). It is difficult to evaluate chondrule equilibrium with respect to Na with a calibration largely based on chondrule data, especially as we have shown above that there are doubts that we can identify equilibrium pairs. However, the relationship of Mathieu (2009), D Na = 0.0011 + 0.00011ÃFeO (wt.%), passes through data for olivine in oceanites and boninites, where evaporation and condensation are not an issue. In addition, the D Na of Alexander et al. (2008b) , based on microphenocrysts in chondrule glass, falls just above the value predicted by this curve (Fig. 5a ). Therefore we consider this D Na -FeO relationship (Mathieu, 2009) as the best guide to olivine-melt equilibrium in chondrules.
In Fig. 5b we explore the apparent D Na -FeO relationships for Semarkona Type II chondrules, using our data (Table 6 ) and those of Alexander et al. (2008b) . Our results for olivine rims/mesostasis fall below the FeO dependence curve of Kropf (2009) and close to that of Mathieu (2009) . The olivine rims analyzed in this study and those of Alexander et al. (2008a) are clearly close to being in equilibrium with mesostasis. Assuming the most primitive olivine cores coexisted with melt of bulk chondrule composition, most IIAB olivine cores (round symbols without black dots) also appear to be in equilibrium. Other olivine cores analyzed by us and by Alexander et al. (2008b) , particularly in IIA chondrules (black dot symbols), have very high apparent D Na , which is incompatible with forma- 8 -16% Fig. 4 . Na concentrations in olivine (cores and rims) and coexisting melts (bulk compositions and mesostasis glass, respectively). Equilibrium partitioning as a function of olivine FeO (Mathieu, 2009 ) is shown as diagonal lines. Olivine rims are close to equilibrium, but many cores, especially in Type IIA chondrules, are not. Such cores would be closer to equilibrium with more Narich melts, e.g. those shown which have crystallized 50% olivine.
tion of olivine core compositions from the observed bulk liquid at equilibrium, as shown in Fig 4. Note that some data in Fig. 5b , especially for IIAB olivine rims, fall below the equilibrium curve and close to the horizontal dashed line, corresponding to no dependence of D Na on olivine FeO. Fig. 5b shows that both cores and rims of Type IIA chondrule olivine have higher D Na than cores and rims of Type IIAB chondrule olivine, respectively, for both our data and those of Alexander et al. (2008b) . The exceptionally high D Na for some Type IIA olivine cores means that either the olivine has anomalously high Na concentrations or the bulk liquid has anomalously low Na concentrations. Comparison of the analyses for Type IIA and other chondrules shows that the former is the case: IIA bulk compositions (Table 1) The correlation expected between core olivine Na and bulk melt Na, if at equilibrium, is not observed (Fig. 4) . There is a strong dependence (R 2 = 0.77) of D Na values for primitive olivine cores on the Na concentration of the olivine (Fig. 6a) , whereas there is no significant negative correlation (R 2 = 0.23) with bulk liquid compositions (Fig. 6b) . Similarly there are no correlations between D Na and other liquid composition parameters or liquidus temperature. In the case of a correlation of D Na with liquid Na but not with olivine Na, contents we could have argued that the apparent D Na was increased by inward diffusion from a liquid relatively enriched in Na. However, the apparent departure from equilibrium partitioning is clearly due to incorporation of high concentrations of Na in the olivine cores, suggesting formation from an initial liquid later depleted in Na, assuming that diffusion of Na into olivine cores is not important.
Na diffusion
Zoned crystals in chondrules and Si-rich glass demonstrate that chondrules were not at equilibrium but experienced fractional crystallization. In perfect fractional crystallization, the most primitive olivine cores are in equilibrium with the bulk liquid, as assumed above and by Alexander et al. (2008b) , while with equilibrium crystallization crystals are in equilibrium with interstitial liquid. Calculated liquidus olivine calculated using PETROLOG are more magnesian than the most primitive observed olivine cores, suggesting a departure from perfect fractional crystallization in Semarkona Type II chondrules. Flat zoning profiles in the centers of olivine crystals (Jones, 1990; Miyamoto et al., 2009; Hewins, 2009 ) also indicate an approach to equilibrium crystallization (crystal-liquid exchange) at the highest temperatures. Libourel (1999) examined the nature of crystallization of Semarkona Type II chondrules by comparing their olivinemelt partition coefficients for CaO corrected for bulk composition effects, D Ã CaO , to those measured experimentally. He found that Semarkona chondrule assemblages were not at equilibrium and, for average olivine compositions (Jones, 1990) and mesostasis compositions, D Ã CaO falls about 1 log unit below the equilibrium values. Evaluating our data with olivine-melt Ca partitioning, we observe that for the most primitive core compositions and liquids of bulk chondrule composition D Ã CaO falls between the equilibrium values defined by Libourel and 1 log unit higher (1999) . For the data set with the best statistics (Alexander et al., 2008b) , 15 of 20 rim-glass pairs and 10 of 18 corebulk pairs have D Ã CaO values within 1/2 log unit of the equilibrium curve (Libourel, 1999) , Where our mesostasis is Carich, D Ã CaO for rims have lower than equilibrium values, related probably to crystallization of Ca-rich pyroxene. Thus olivine and melt had close to equilibrium Ca partitioning in Semarkona Type II chondrules and, in particular, interface equilibrium unmodified by diffusion was maintained for Ca as for Na during the late fractionation of olivine.
We reconsider the possibility (Fig. 4) that Na in core olivine was increased by diffusion during crystallization. Calcium profiles are flatter in chondrule olivine than FeMg profiles (Hewins, 2009) , consistent with slower diffusion of Ca, and Na and Ca have similar diffusion coefficients (Spandler et al., 2010) . Olivine core Na concentrations and D Na seem to be independent of bulk liquid Na compositions (R 2 = 0.23, Fig. 6b ). We therefore have no evidence that olivine core Na concentration was diffusing into olivine from liquids enriched in Na. In addition, many inclusions have preserved low Na concentrations in conflict with such assumed Na-rich liquid compositions, suggesting that there was little enrichment of Na in olivine.
The preservation of oscillatory zoning of P in cores of olivine crystals in Type IIA chondrules (Jones, 1990; Hewins, 2009 Fig. 5b ) and, to a lesser extent, of P correlated with other incompatible elements in some Type II olivine rims, plus hopper morphology and melt inclusions in many cases, indicate rapid growth. It is possible that elements other than P, e.g. Na, were enriched in cores, or in concentric zones, shortly after crystallization began, because of the presence of the liquid boundary layer responsible for the P zonation. However, Na diffuses faster than P though slower than Fe-Mg (Qian et al., 2010; Spandler and O'Neill, 2010) and its profiles are smooth, so no evidence of rapid growth generating high Na persists. It is, however, possible that Na and other relatively rapidly diffusing incompatible elements were redistributed from such rapidly grown zones. The fact that Fe-Mg diffusion has not destroyed relict forsteritic cores indicates limits to such diffusion.
Bulk composition effects other than the FeO influence on Na partitioning can be considered. Type IIA chondrules have higher P concentrations (mean 0.33, s.d. 0.19 wt.% P 2 O 5 ) than IIA(B)-AB (mean 0.06, s.d. 0.04% wt.% P 2 O 5 ), a significant difference at the 95% confidence level. The highest Na contents of olivine cores are associated with the most P-rich chondrules (Tables 1 and 4) . These are the chondrules showing concentric P zoning in olivine, so Table 6 Comparison of calculated equilibrium (Mathieu, 2009) there might have been enhanced incorporation of Na and other incompatible elements along with P. However, it is difficult to see why IIA chondrules should have experienced rapid growth of olivine from boundary layers and not IIAB-IIA(B) chondrules. They have similar cooling rates and Type IIA(B) chondrules have the highest liquidus temperatures. We conclude that diffusion may have played some role in the presence of high Na in olivine cores and that the liquid concentrations predicted from D Na assuming equilibrium are best regarded as upper limits.
Na variation with time and chondrule formation
Prior to analysis of melt inclusions and knowledge of the FeO dependence of D Na it was argued that chondrules were essentially closed systems with respect to Na (Borisov et al., 2008; Alexander et al., 2008b) . This would give a steady increase in Na concentration in residual liquid during chondrule crystallization, but we infer a decrease followed by an increase. Olivine core Na concentrations suggest that chondrule initial melts were more Na-rich than present chondrule bulk compositions; Na in melt inclusions in olivine that the liquids lost Na during olivine crystallization; and Na in mesostases that Na was augmented over levels due to fractional crystallization alone. Even though the high concentrations of moderately volatile elements indicate that Type II chondrules may have formed in a high density region, there is still evidence of at least partially open system behavior. We used equilibrium D Na to calculate original equilibrium initial liquid Na concentrations and modeled open system crystallization of such initial liquids so as to match inclusion and mesostasis compositions. This model suggests that Type IIAB chondrules have evaporated close to half their Na, but regained most of it. Type IIA chondrules would have lost more than half their Na, provided redistribution of Na within the olivine was not extensive, and recondensation was incomplete. For IIAB chondrules, the near equilibrium D Na values confirm that there has been little net change in Na, as they have recovered most of the lost Na. For IIA chondrules, however, the olivine-melt data indicate that the chondrules have significantly less Na than their precursors, which is not unreasonable considering the large losses and gains found during heating and cooling in the calculations of Fedkin et al. (2011) . Lower amounts of evaporation for Type IIAB than for Type IIA chondrules might be related to the higher viscosity of the former when molten (Yu and Hewins, 1998) . However, the higher model losses for IIA chondrules than for IIAB chondrules, based on D Na values, are also explained if both approached equilibrium with the same ambient gas at peak temperatures. Those chondrules with higher initial Na, i.e. mostly Type IIA as indicated by their higher Na in olivine, would need to experience more initial evaporation to reach equilibrium with the gas composition reached after heating.
An alternative interpretation of primitive olivine cores which are Na-rich is that they were not crystallized from the bulk chondrule liquid. If there are large quantities of unrecognized relict grains, the liquid from which the most primitive grains we analyzed grew could have been less olivine-normative than the bulk composition, and we would have overestimated the initial Na content somewhat. If the most primitive grains with relatively high Na are relict grains, they suggest early Na-rich chondrule melts. We have no evidence for or against this idea, but note that if these compositions are relict grains, they would be consistent with evaporation of earlier chondrule melts to give the present chondrule precursors and parental liquids.
Some IIA chondrules have bulk SiO 2 contents similar to those of Mg-rich olivine so that daughter liquids cannot concentrate SiO 2 until the fractionating olivine becomes more ferroan. This results in calculated final liquids that are less Si-rich than observed mesostases, and raises the possibility of condensation of SiO into Type II chondrule melts, as suggested by Villeneuve (2010) . Condensation of SiO into Type I chondrule melts has been demonstrated by Tissandier et al. (2002) and Libourel et al. (2006) , and Jones (1994) showed that mesostasis of Semarkona Type IAB chondrules is more Si-rich than that of type IA chondrules. Hewins and Zanda (in press ) have discussed open system behavior for Si, Fe, Mn and S in Type I and II chondrules. Mathieu (2009) has shown that the solubility of Na in CMS melts increases with the SiO 2 content (see also Mathieu et al., 2011) , and he suggested that the condensation of SiO into chondrule melts would be followed by enhanced Na condensation. However, neither bulk nor mesostasis compositions show significantly different mean Na 2 O concentrations in Type IIA, IIAB and IIB chondrules (e.g. Jones, 1990 Jones, , 1996 despite the major differences in SiO 2 . The standard deviations of Na 2 O concentrations in these mesostases are, however, larger than the differences predicted by Mathieu (2009) between Type IIA and IIAB liquids coexisting with olivine. In the context of the particle-vapor clump model (Hewins, 1989; Cuzzi and Alexander, 2006) , this suggests great variations of vapor composition or cooling time.
Under conditions where Na evaporation and recondensation are extensive, some loss and recondensation of Fe and Si are likely (e.g. Villeneuve, 2010; Fedkin et al., 2011) . Differences in compositions of Type II chondrule olivines in CM and OC chondrites can be explained in terms of recondensation in different environments (Hewins et al., 2011) . Open-system behavior of Fe and Si would modify the details of crystallization, and influence the evolution of the Na concentrations. If Type II chondrules did behave as open systems, the absence of isotopic mass fractionations, of K (e.g. Alexander et al., 2000) , Fe and Si becomes a major constraint. It suggests isotopic exchange between gas and liquid over periods of hours so that chondrule liquids could approach equilibrium silicate melt compositions Cuzzi and Alexander, 2006) .
Based on experiments at 1 atm, retention of Na in Type II chondrule liquids requires a local gas enriched in ice and dust component by 100x or 1000x solar composition, respectively (Yu and Hewins, 1998) . Chondrules require higher than canonical pressures to prevent evaporation of metallic iron and chondrules which experienced any FeO evaporation would have lost all their alkalis . These inferences from simple experiments that chondrules require non-canonical conditions during formation to explain their Na and FeO are supported by recent calculations. Fedkin et al. (2011) extended the approach of Desch and Connolly (2002) to the model of chondrule formation by gas shocks, by modeling the evaporation and recondensation of such components at P T of $10 À5 atm with large dust and ice enrichments, and by calculating the extent of olivine fractionation and isotopic mass fractionation. They showed total loss of Na, K, Fe and Ni, and partial losses of Si and Mg at peak conditions, depending in detail on heating rates and peak temperatures assumed. Allowing complete evaporation of Na, rather than $10% (Alexander et al., 2008a,b) , relaxes the necessary dust enrichment by an order of magnitude. Nevertheless, differences in calculated and observed olivine Fa histograms, and especially isotopic fractionations of several &, found in the simulations of Fedkin et al. (2011) require extreme conditions of total pressure and dust-ice enrichment. Very high P T has already been suggested to explain chondrule Mg isotopic data (Galy et al., 2000) though Cuzzi and Alexander (2006) considered that overlapping evaporation clouds from many adjacent chondrules would be sufficient.
The high (apparent) D Na values for olivine cores are best explained by evaporation of Na at peak temperatures, leaving fossil Na-rich olivine in liquids impoverished in Na. This evaporation also explains lower Na contents in melt inclusions than expected from fractional crystallization calculations for bulk compositions enriched in Na by late recondensation into mesostasis. Yet our Na contents of olivine, cores and rims, are always significantly greater than zero in high-precision long-duration analyses (Fig. 2a) , as are those of Alexander et al. (2008b) , i.e. there is no record of a stage of total evaporation of Na. Our calculated Na losses are modest relative to those expected for canonical low ambient partial pressures consistent with the conclusions of Fedkin et al. (2011) that higher than canonical pressures and high dust-ice enrichments are required.
High P Na and incomplete Na evaporation confirm that there were very high particle densities in the regions or clumps where chondrules were forming (Hewins, 1989 (Hewins, , 1991 Yu et al., 2003; Alexander et al., 2008b) , and imply that collisions of molten chondrules should have been frequent. Wasson et al. (1995) estimated that 2.4% of chondrules in ordinary chondrites are compound chondrules. Given an interval of at least 600°C between their liquidus and glass transition temperatures and cooling rates $1-1000°C/hr (Hewins et al., 2005; Miyamoto et al., 2009 ), chondrules would be sticky for hours. Alexander et al. (2008a,b) estimated the number density of chondrules to be about 10,000 per m 3 , with evaporation of Na limited to $10%. Here we see evidence for greater loss of Na, meaning the true number density is somewhat less. Still it is initially very surprising, given number density and long cooling time, that compound chondrules are not more abundant than 2.4% of all chondrules. However, in many ordinary chondrites, including Semarkona, the chondrules actually aggregated into clusters (Zanda, 2004) . The aggregation must have been slow enough for Semarkona that chondrules cooled normally and diffusion did not erase igneous zoning in olivine. Such chondrites with a second kind of primary accretion texture, distinct from that in CM chondrites, may be described as cluster chondrites (Metzler, 2011) . Thus some chondrules began to accrete while hot, as clusters formed before accretion (because of channels filled with matrix separating them), and/or directly to the parent body surface (Hutchison et al., 1979) . These clusters also offer strong support for a high number density of chondrules.
We infer greater Na loss than Alexander et al. (2008b) and, though this requires a little less dust enrichment, we find no record of the zero condensed Na stage required for heating at nebular pressures (Fedkin et al., 2011) . A rather extreme modification of canonical conditions is still required. The high P T and dust-ice enrichment required, and their consequences for chondrule compositions, are more easily explained by collision of icy protoplanets than by nebular concentration mechanisms (Fedkin et al., 2011) . Relict grains with high dislocation densities had previously been explained by chondrule formation in collisions of comet-like grandparent bodies (Kitamura and Tsuchiyama, 1991) . Asphaug et al. (2011) recently modeled chondrule formation as a result of collision of small molten planetesimals, though they did not discuss the presence of metal and sulfide in chondrules. Alternatively collisions of much larger undifferentiated bodies resulting in melting would explain the presence of dense metal-sulfide liquids in silicate melt droplets.
Chondrule melting and clustering in dense clumps either in the disk or in a collision debris cloud would probably have contributed to rapid accretion. Turbulent concentration can produce large concentrations of chondrule-sized particles in the disk and, if sufficiently large, these clumps are self-gravitating (Cuzzi et al., 2008; Alexander et al., 2008a) . However, collisions of protoplanets could also rapidly produce high density clouds of melted particles. High P Na and the formation of clusters of chondrules in these swarms are easily understood. With turbulent concentration in the disk (Cuzzi et al., 2008) , the chondrule clumps would have accumulated into new asteroidal bodies. With oblique collisions, many chondrules could be reaccreted on the remnants of the grandparent body in a matter of hours, and some downrange chondrule spray could form self-gravitating clumps leading to new parent bodies (Asphaug et al., 2011) . Clusters in Semarkona, formed as rocklets like multiple compound chondrules by random collisions in the expanding plume, would have cooled as they formed because there is no metamorphic diffusion in the olivine crystals. Similar textures might form with chondrules falling back onto the remains of the target, provided they accumulated slowly enough to cool rapidly in the sub-solidus. Alternatively, with abundant and rapid accumulation, the fallback might form a hot blanket. Then we have the intriguing possibility of equilibrated and unequilibrated chondrites forming as the result of the same event, but on (grand)parent and reassembled daughter bodies of fundamentally different character.
CONCLUSIONS
The distribution of Na between melt and olivine in chondrules yields information on changes in P Na in ambient gas. The different Na concentrations preserved in Semarkona Type II chondrule bulk liquids, melt inclusions and mesostases are broadly consistent with fractional crystallization of olivine, ± pyroxene. However, glass inclusions in olivine have lower Na than expected compared to calculated daughter liquids, and mesostasis has higher, which is consistent with evaporation followed by condensation of Na into melt not enclosed within olivine.
The most primitive olivine cores in each chondrule are mostly between Fa 8 and Fa 13 , with 0.0022-0.0069 ± 0.0013 wt.% Na 2 O. IIAB chondrule olivine core compositions have consistently lower Na contents than IIA olivine cores. Extreme rim compositions are $Fa 35 and 0.03 wt.% Na 2 O.
Chondrule olivine rims are close to being in equilibrium with the mesostasis with respect to Na and Ca contents. Olivine cores, particularly in IIA chondrules, have very high D Na due to incorporation of high concentrations of Na in the early olivine. This is compatible with evaporation of Na from the melt at peak temperatures, consistent with the low Na contents of the glass inclusions, and only partial recondensation of the lost Na into mesostasis melt.
The high P Na required for these chondrules suggests very high particle densities during chondrule formation, either in clumps in the disk or in debris clouds resulting from collisions of protoplanetary bodies. The particle densities are consistent with the observation that chondrules actually aggregated into clusters before incorporation in Semarkona and the idea that accretion proceeded rapidly after chondrule formation.
